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ABSTRACT
The majority of the proteins involved in processing
of DNA double-strand breaks (DSBs) accumulate at
the damage sites. Real-time imaging and analysis of
these processes, triggered by the so-called microir-
radiation using UV lasers or heavy particle beams,
yielded valuable insights into the underlying DSB re-
pair mechanisms. To study the temporal organiza-
tion of DSB repair responses triggered by a more
clinically-relevant DNA damaging agent, we devel-
oped a system coined X-ray multi-microbeam micro-
scope (XM3), capable of simultaneous high dose-rate
(micro)irradiation of large numbers of cells with ultra-
soft X-rays and imaging of the ensuing cellular re-
sponses. Using this setup, we analyzed the changes
in real-time kinetics of MRE11, MDC1, RNF8, RNF168
and 53BP1––proteins involved in the signaling axis of
mammalian DSB repair––in response to X-ray and UV
laser-induced DNA damage, in non-cancerous and
cancer cells and in the presence or absence of a
photosensitizer. Our results reveal, for the first time,
the kinetics of DSB signaling triggered by X-ray mi-
croirradiation and establish XM3 as a powerful plat-
form for real-time analysis of cellular DSB repair re-
sponses.
INTRODUCTION
DNA double-strand breaks (DSBs) are arguably the most
severe and dangerous DNA lesions––unrepaired DSBs can
cause cell death, while their incorrect repair can result in po-
tentially carcinogenic genome rearrangements. Cells have,
therefore, evolved complex mechanisms to detect, signal
and repair DSBs in a timely, precise and efficient man-
ner. In mammalian cells, direct detection of broken DNA
ends is attributed to the MRE11–NBS1–RAD50 (MRN)
complex (1), which then attracts and activates the ataxia-
telangiectasia mutated (ATM) kinase (2), as well as the KU
complex, which enables binding and activation of theDNA-
PK kinase (3). Both kinases in turn phosphorylate the C-
terminal serine of histone H2AX in the vicinity of DSBs
(4,5). PhosphorylatedH2AX (referred to as H2AX) is rec-
ognized and bound by MDC1, which becomes phospho-
rylated by ATM, attracting the E3 ubiquitin ligase RNF8
(6–8). The subsequent RNF8-mediated ubiquitination of
the linker histone H1 (9) engages another ubiquitin ligase,
RNF168, which deposits additional ubiquitin moieties on
the surrounding H2A-type histones (10), stimulating the
binding of the BRCA1 complex and 53BP1. These latter
components of DSB signaling compete to determine the
choice of downstream repair pathway: while BRCA1 pro-
motes the resection of DNA ends that is required for initi-
ation of homologous recombination (HR), 53BP1 inhibits
BRCA1, promoting non-homologous end joining (NHEJ)
(11).
Binding of these and many other proteins involved in
DNA repair to DNA lesions or to the adjacent chromatin
has been extensively studied over the last two decades. The
method of choice in these studies, called microirradiation,
involves induction of large amount of DNA lesions concen-
trated in a small area of the cell nucleus, usually with the
help of various high-intensity laser beams, which is then fol-
lowed by real-time imaging to quantify the accumulation
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of fluorescently-tagged repair proteins in this region (12).
Studies based on this approach have provided valuable in-
sights into the spatio-temporal organization of DNA repair
processes and the underlying molecular mechanisms (12).
However, it is increasingly clear that the accumulation ki-
netics of many proteins can be affected by the choice of the
microirradiation method (13–15) or by other experimental
parameters such as the type and amount of induced lesions,
the cell line used or the presence of a photosensitizer (16).
Importantly, at least some cellular responses are saturated
at relatively low damage doses (17) and can be triggered,
possibly with different kinetics, by different DNA lesions
(e.g. DSBs and UV-induced damage) (18).
To overcome these problems, we constructed a live-cell
microscopy system that is capable of irradiating cells with
ultra-soft X (USX)-rays and of real-time imaging of the en-
suing cellular responses. Using this system, we performed
a comprehensive analysis of the behavior of proteins in-
volved inDSB signaling (MRE11,MDC1,RNF8,RNF168
and 53BP1), in response toUSX-ray- andUV laser-induced
DNA lesions. The results of this analysis show distinct ac-
cumulation kinetics of some proteins after local USX and
UV laser microirradiation, in the presence or absence of
the photosensitizer Hoechst, as well as in non-cancerous
(ARPE-19) and cancer (U2OS) cells.
MATERIALS AND METHODS
Plasmids
Human MRE11 (NM 001330347.1), RNF8
(NM 003958.3), RNF168 (NM 152617.3) and 53BP1
(NM 001141980.2) were cloned from ARPE-19 cDNA
mix. Human MDC1 (NM 014641.2) was cloned from
MDC1 in pENTR4 (330-5) vector obtained from Dr Eric
Campeau (Addgene plasmid # 26427). The appropriate
PCR products generated using Q5 High-Fidelity DNA
Polymerase (New England Biolabs) were cloned into
pAZ096-CN7 (MDC1, MRE11, RNF8, 53BP1), pAZ096-
CC7 (RNF168) or pAZ096-RC7 (53BP1) piggyBac vectors
with sequence- and ligation-independent cloning (SLIC)
protocol (19) using XhoI restriction site and T4 DNA poly-
merase (New England Biolabs). Obtained vectors allow for
expression of N- or C-terminally tagged proteins fused in
frame with green fluorescent protein Clover (pAZ096-CN7
and pAZ096-CC7) or red fluorescent protein mRuby2
(pAZ096-RC7). All primers used in this study are listed in
Supplementary Table S1. Expression vectors are available
from the authors upon request.
The pAZ096 piggyBac and mPB vectors were kind gifts
from Dr Alex N. Zelensky. In brief, pAZ096 piggyBac vec-
tor was derived from 5′-PTK-3′ vector (20) by replacing the
transposon cargo (XhoI-SpeI fragment) with two expres-
sion cassettes: loxP-flanked PGK-puro-SV40 poly A and
CAG-[XhoI/ClaI]-BGH poly A (bovine growth hormone
polyadenylation signal). The pAZ096 piggyBac vector was
further modified by inserting Clover or mRuby2 cDNA be-
tween CAG promoter and Xho/ClaI restriction sites al-
lowing adding the fluorescent tag either at N- (pAZ096-
CN7) or C-terminus (pAZ096-CC7 and pAZ096-RC7) of
protein of interest. Clover and mRuby2 cDNA were cloned
from pcDNA3-Clover and pcDNA3-mRuby2 vectors, re-
spectively, acquired from Dr Michael Lin (Addgene plas-
mid #40259). mPB vector coding for piggyBac transposase
was described by Cadin˜anos and Bradley (20).
All plasmids used in transfections were propagated in
chemically competent DH5 Escherichia coli and purified
using NucleoBond Xtra Midi kit (Macherey-Nagel). Each
expression construct was verified by Sanger sequencing
(BaseClear).
Cell culture and transfections
ARPE-19 (human retinal pigmented epithelium, ATCC,
CRL-2302) and U2OS (human osteosarcoma, ATCC,
HTB-96) cells were cultured in DMEM with 4.5 g/l D-
glucose, 1 mM sodium pyruvate and 4 mM L-glutamine
(Gibco, Life Technologies) supplemented with 100 units/ml
of penicillin G (Gibco, Life Technologies), 100 g/ml
of streptomycin (Gibco, Life Technologies) and 10%
(v/v) fetal bovine serum (Gibco, Life Technologies). Nor-
mal human skin fibroblasts (a kind gift from Dr Alex
Postma, Department of Clinical Genetics, Amsterdam
University Medical Centers, Amsterdam, The Nether-
lands), SV40-transformedXP2OSfibroblasts fromanXPA-
deficient patient stably expressing XPA-GFP (21) and
SV40-transformed XP4PA fibroblasts from XPC deficient
patient stably expressing XPC-GFP (22) were cultured in
RPMI 1640 Medium with 2 mM L-glutamine (Gibco, Life
Technologies) supplemented as above. XR-V15B cells sta-
bly expressing KU80-EGFP and V3 cells stably express-
ing DNA-PKcs-YFP (obtained from Dr Dik van Gent)
were cultured in MEM with 2 mM L-glutamine (Gibco,
Life Technologies) supplemented as mentioned above. Cells
were maintained at 37◦C in humidified atmosphere with 5%
CO2.
Transfections were performed using GenJet Plus reagent
(SignaGen Laboratories) according to the manufacturer’s
instructions. Briefly, ARPE-19 or U2OS cells were plated
24 h prior to transfection in a 60 mm dish and the follow-
ing day were co-transfected with 1.5 g of an expression
vector and 1.5 g mPB vector. Two days after transfection,
cells were passaged into a 100 mm dish in medium contain-
ing 0.5 g/ml puromycin (Gibco, Life Technologies) as se-
lection antibiotic. Cells were selected for 3 weeks. After se-
lection cells were sorted using a Sony SH800Z cell sorter
with 100 m sorting chip. Established stable cell lines were
continuously maintained in medium containing 0.5 g/ml
puromycin. In case of SV40-transformed fibroblasts, the
cells were plated 24 h prior to transfection in a 60 mm dish,
transfected the following day with 3 g of of 53BP1-Clover
or 53BP1-mRuby2 vectors and 24 h later plated for exper-
iments as described below in (Micro)irradiation and image
acquisition section.
Characterization of the XM3 USX-ray source
The XM3 USX-ray source emission spectrum measure-
ments were performed using a SiriusSD silicon drift de-
tector (SGX Sensortech) coupled to a DX200 digital pulse
processor (SGX Sensortech). Spectral data were processed
using SGX1000 software (SGX Sensortech). Photon flux
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was analysed using DXP counter (AMOLF). UV spec-
tral energy output was measured using a Model 550-1
radiometer/photometer (EG&G Electro-Optics) equipped
with a 550-2 multiprobe (EG&G Electro-Optics) and ap-
propriate filter sets (Schott).
(Micro)irradiation and time-lapse imaging
For (micro)irradiation, 1 × 106 cells were plated into a
custom-made culture dish with a 4 m polypropylene
(LGC) bottom 24 h before experiments. To promote proper
cell attachment and spreading, the dishes were carbon-
coated prior to use according to protocol described previ-
ously (23). One hour before (micro)irradiation and imaging,
the culture medium was replaced with FluoroBrite DMEM
(Gibco, Life Technologies) supplemented as mentioned in
Cell culture and transfections section. For experiments in
the presence of a photosensitizer, Hoechst 33342 (Sigma-
Aldrich) was added to FluoroBrite DMEM at a final con-
centration of 1 g/ml 30 min prior to irradiation. To pre-
vent evaporation, the culture medium was overlaid with
mineral oil (Sigma-Aldrich). During (micro)irradiation and
image acquisition, cells were maintained at 37◦C in an at-
mosphere with 5% CO2. All (micro)irradiation experiments
(except UV-microirradiation experiments shown in Supple-
mentary Figure S2) were performed using the XM3 system.
XM3 system andUSX-ray (micro)irradiation details are de-
scribed in the main text (Results section). Time-lapse imag-
ing was carried out using a 63x dipping lens objective (HCX
APO L 63x/0.90 W U-V-I CS2, Leica Microsystems) with
the confocal pinhole set at 1 Airy unit (156.04 m). Cells
were imaged using an argon laser (488 nm laser line, LA-
SOS Lasertechnik, model LGK 7872 ML05). Images were
acquired as single Z-planes. For quantitative and compar-
ative imaging, identical image acquisition parameters were
used for each set of experiments. The exact time-lapse inter-
vals are indicated in the figure legends.
For induction of local UV damage, normal human skin
fibroblasts were grown on coverslips, washed with 1× PBS,
covered with a polycarbonate filter with 5 m-diameter
pores (Millipore), irradiated with 80 J/m2 (overall dose)
using an UV-C lamp and incubated in standard growth
medium for 30 min before fixation and staining.
For experiments requiring irradiation of cells with  -rays,
a 137Cs source providing a dose rate of approximately 0.5
Gy/min was used.
Analysis of (micro)irradiation time-lapse data
2D microirradiation time-lapse data were analyzed accord-
ing to guidelines described previously (16). Image analysis
was performed using ImageJ 1.51s (24). Briefly, single cells
were cropped from time-lapse sequences and registered us-
ing StackReg plugin (25) with rigid body transformation to
compensate for cell movement during acquisition. The aver-
age fluorescence intensity was then measured in a circular, 3
m-diameter region of interest for all recorded time points.
For each individual cell, the fluorescence intensity at the ini-
tial time point was subtracted from all subsequent intensity
data, resulting in the lower bound normalized to 0. Next,
the upper bound of all intensity data was normalized to 1.
After normalization, a custom-written MATLAB (Math-
Works) script was used to fit one parameter second-order
exponential curves (26) to all collected datasets. Based on
the fitted curves, the time required for the normalized flu-
orescence intensity to reach 50% and 95% of its maximal
value (t50 and t95, respectively) was calculated.
Final image adjustments (for presentation purposes only)
were done using Adobe Photoshop CC Version 22.1 and
Adobe Illustrator CC Version 19.1.2 (Adobe Systems).
Immunofluorescence imaging
For immunofluorescence imaging experiments a standard
protocol was used. In brief, 20 min after (micro)irradiation,
cell culture medium was aspirated and the cells were rinsed
two times with PBS (Lonza) and subsequently fixed for
15 min in 2% (v/v) methanol-free formaldehyde (Elec-
tron Microscopy Sciences) in PBS at room temperature.
Next, fixative was aspirated and the cells were rinsed three
times in PBS. Specimens were then blocked and perme-
abilized for 30 min at room temperature in TNBS [1x
PBS (Lonza), 5% (v/v) FBS (Gibco, Life Technologies),
0.1% (v/v) Triton X-100 (Sigma-Aldrich)]. Directly af-
ter blocking, cells were incubated with antibodies diluted
in TNBS. H2AX was stained with mouse anti-H2AX
(Ser139) monoclonal antibody (1:100, clone JBW301, #05-
636, Upstate) and Cy3-conjugated goat anti-mouse an-
tibody (1:100, #115-165-166, Jackson ImmunoResearch).
To distinguish between S- and non-S-phase cells, Click-
iT EdU staining was applied. In that case, cells were in-
cubated with 10 M EdU 30 min before irradiation and
EdU detection was performed according to the manu-
facturer’s recommendations using Alexa Fluor 488 dye
(Thermo Fisher Scientific) before incubation with antibod-
ies. UV damage experiments were accomplished by us-
ing the following set of antibodies: mouse anti-H2AX
(Ser139) monoclonal antibody (1:100, clone JBW301, #05-
636, Upstate), rabbit anti-H2AX (Ser139) polyclonal an-
tibody (1:500, #ab11174, Abcam), mouse anti-CPDmono-
clonal antibody (1:200, #TDM-2, Cosmo Bio), rabbit anti-
XPC polyclonal antibody (1:500, #A301-122A, Bethyl),
rabbit anti-XPA polyclonal antibody (1:250, #FL-273, sc-
853, Santa Cruz), Alexa Fluor 488-conjugated goat anti-
rabbit antibody (1:2000, #A11034, Thermo Fisher Scien-
tific), Alexa Fluor 594-conjugated goat anti-rabbit anti-
body (1:2000, #A11037, Thermo Fisher Scientific), Alexa
Fluor 488-conjugated goat anti-mouse antibody (1:2000,
#A11029, Thermo Fisher Scientific) and Alexa Fluor 594-
conjugated goat anti-mouse antibody (1:2000, #A11032,
Thermo Fisher Scientific). For CPD stainings, the DNA
was denatured for 5minwith 0.5MNaOHbefore permeabi-
lization. All incubations with primary and secondary anti-
bodies were done for 90 or 45 min, respectively, in the dark
at room temperature. In-between incubations with antibod-
ies and after incubation with secondary antibodies, cells
were washed 3 times in PBS for 5 min. Finally, all samples
were mounted onto glass slides (Thermo Fisher Scientific)
in Vectashield Mounting Medium with DAPI (Vector Lab-
oratories) to counterstain nuclei and sealed with transpar-
ent nail polish.
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All immunofluorescence images were acquired using
a semi-motorized upright Leica DM6 B inverted wide-
field fluorescencemicroscope (LeicaMicrosystems). Images
were recorded with a 100× oil immersion objective (PLAN
APO 100×/1.40/OIL Phaco3, Leica Microsystems) using
a 16-bit 4.2 MP sCMOS monochrome Leica DFC9000 GT
camera (Leica Microsystems) with Leica Application Suite
X image acquisition software. The following filter sets (Le-
ica Microsystems) were used: A for detection of DAPI (nu-
clei), L5 for detection of Alexa Fluor 488 dye (EdU) and
Y3 for detection of Cy3 dye (H2AX). After deconvolution
from ∼30 Z-sections with 200 nm spacing, images were an-
alyzed by local background subtraction and thresholding
using Huygens Software (Scientific Volume Imaging). Au-
tomated H2AX foci counting (number of H2AX foci per
nucleus) was performed using custom-written MATLAB
script. Final image adjustments (for presentation purposes
only) were done as mentioned earlier.
Confocal fluorescence recovery after photobleaching (FRAP)
FRAP experiments were performed using XM3 system
setup. Imaging was carried out using a 63x dipping lens ob-
jective (HCX APO L 63×/0.90 W U-V-I CS2) (Leica Mi-
crosystems) at 10× digital zoom with the confocal pinhole
set at 1 Airy unit (156.04 m) and active FRAP booster.
Image size was set at 128 × 40 pixel (23.43 × 7.20 m)
with 600 Hz scanning speed (bidirectional X, pixel dwell
time 3.25 s). The 128 × 40 pixel window contained a
smaller circular bleach region of interest (ROI, 3 m in di-
ameter) placed over the DSB-containing area or the un-
damaged nucleoplasm as indicated in figure legends. Cells
were imaged and bleached using an argon laser (488 nm
laser line) (LASOSLasertechnik, model LGK 7872ML05).
Laser powers for pre-bleach and post-bleach imaging were
maintained below 40 W, while bleaching was performed
at 1.6 mW. Actual laser powers were measured at the fo-
cal plane of the objective using Ophir Vega Power and En-
ergy Meter with PD300-CIE sensor (Ophir Photonics). Af-
ter 2 pre-bleach scans of the entire scanning area, bleaching
ROIs were scanned (bleached) 10 times. During recovery,
images were recorded every 0.5 s for 10 s (20 images in to-
tal) followed by a series of images collected every 1 s for 50 s
(MRE11,RNF8,RNF168) or 110 s (MDC1, 53BP1) result-
ing in 60 or 120 s of imaging in total, respectively. Pre-bleach
and post-bleach images were acquired with no line averag-
ing. FRAP data analysis, including corrections for back-
ground and photobleaching, curve fittings and half time-
time of recovery and diffusion coefficients, was performed
as described previously (27).
Scanning electron microscopy
The XM3 10 m-thick nickel masks were imaged using a
Zeiss Sigma 300 scanning electron microscope. As masks
are made of metal, no specimen preparation was needed
prior to imaging.
The imaging conditions were: working distance 5.0–6.2
mm, accelerating voltage 10 kV, aperture size 30 m and
image resolution of 2048 × 1536.
Western blot analysis
Equal numbers (400 000) of ARPE-19 and U2OS cells ex-
pressing Clover-RNF8 were lysed in RIPA buffer (25 mM
Tris–HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium
deoxycholate, 0.1% SDS with Complete ULTRA protease
inhibitors (Roche) and 1 mM PMSF (Sigma-Aldrich)) and
equal volumes of cell lysates were analyzed by Western
blot. Following antibodies were used: anti-GFP tag (1:3000,
#A11122, Thermo Fisher Scientific), anti--actin (1:1000,
#4970, Cell Signaling Technology) and anti-rabbit HRP
(1:5000, #7074, Cell Signaling Technology). Luminescence
was detected using Clarity Western ECL Substrate (Bio-
Rad) and recorded using the Fusion-Fx documentation sys-
tem (Vilber Lourmat).
Flow cytometric analysis
Equal numbers of ARPE-19 and U2OS cells expressing
Clover-RNF8 (200.000 of FSC/SSC gated cells/sample)
were analyzed for Clover fluorescence intensity by flow cy-
tometry using the BD FacsCanto cytometer (Becton Dick-
inson). BD CellQuest Pro software (Becton Dickinson) was
used for data acquisition and the comparison of Clover flu-
orescence intensity was prepared using the FlowJo software
(v10.6, FlowJo).
Statistical analysis
All graphs and statistical analyses were done using Graph-
Pad Prism (version 7.03, GraphPad Software). Additional
statistical tests information is described in the figure leg-
ends. The number of replicates for each experiment is in-
dicated in the figure legends.
RESULTS
Microirradiation system for real-time imaging of cellular re-
sponses to USX-ray-induced DNA damage
Since many repair proteins (e.g. KU, PARP1) accumulate
at DNA lesions within seconds after damage induction, a
universal system for real-time imaging of repair responses
should ideally induce well-defined type(s) ofDNA lesions at
high dose-rates and be capable of imaging cellular responses
before and immediately after irradiation. Therefore, we de-
veloped the X-ray Multi-Microbeam Microscope (XM3),
which relies on the previously described USX-ray source
(28) (Figure 1A and B). The system is vertically oriented,
with the aperture of the USX source positioned directly un-
der the sample holder of a customized Leica TCS SP5 II up-
right confocal microscope, equipped with a 37◦C and CO2
incubator, resonant scanner for fast imaging and 63×water-
dipping objective. For uniform and simultaneous irradia-
tion of large cell populations, custom-made culture dishes
with cells growing on a 4 m polypropylene bottom are po-
sitioned on the sample holder with hexagonally-distributed
circular openings, each with a diameter of 2 mm, which de-
termine the irradiated area of the cell culture dish (Figure
1B andC). Formicroirradiation experiments, a 10m-thick
nickel micro-aperture filter (see below for detailed descrip-
tion) is additionally inserted between the sample holder and
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Figure 1. The ultra-soft X-ray multi-microbeammicroscope (XM3). (A) The main components of the XM3 system are: control PC (1), power supplies (2),
water cooling system (3), Leica TCS SP5 II upright confocal microscope (4), custom-made incubator (5), microscope stage (6) and the ultra-soft X (USX)-
ray source assembly (7). (B) Schematic representation of the microscope stage assembly and USX-ray source, composed of the water-dipping 63x objective
(1), cell culture dish with 4 m polypropylene bottom (2), nickel micro-aperture filter (used during microirradiation experiments) (3), specimen holder with
an array of 2-mm circular openings through which cells are irradiated (4), custom-made microscope stage inlay (5), stainless steel vacuum enclosure (6),
electromagnetic irradiation shutter (7), electromagnet (8), USX-ray source (9) and water-cooled target mount (10). The irradiation shutter is composed of
a CNC-machined aluminum disc (11) with aluminium-coated 4 m polypropylene vacuum window (12) and a small neodymium magnet connected to a
copper plate with a 2 mm circular aperture (13). The shutter is operated by changing the polarity of the electromagnet (8). The USX-ray source is composed
of a carbon disc target (anode, 14) placed on top of the water-cooled target mount (10). The electrons (yellow dashed arrows) are produced by thermionic
effect from a tungsten filament (16) heated by an electric current and focused on the anode by the focusing cage (15). USX-rays are depicted as purple
arrows. (C) XM3 allows simultaneous irradiation of large cell numbers. ARPE-19 cells were irradiated through the specimen holder openings (10 s, 6 kV, 5
mA, without using the micro-aperture filters), fixed 20 min after irradiation and stained for DNA (blue) and H2AX (red). Each circular H2AX-positive
area contains hundreds of uniformly-irradiated cells. Scale bar: 2 mm. (D) XM3 emission spectrum is independent of the emission current. The graph
shows normalized energy spectra of photons produced by XM3 at the acceleration voltage of 6 kV and the indicated emission current (1–20 mA). Note
the principal carbon K-shell emission line at ∼280 eV. (E) The flux of USX-ray photons emitted by XM3 (measured as kilo counts per s, kcps) linearly
depends on the emission current. N = 3, error bars: SD. (F) Representative images of individual normal human fibroblasts irradiated and processed as in
(C) but using the indicated emission current. Scale bar: 5 m. (G) The number of DSBs (determined by counting the number of H2AX foci in irradiated
normal human fibroblasts) induced by XM3 linearly depends on the emission current. Cells were irradiated and processed as in (F). Data points: average
from independent three experiments at ∼100 cells per experiment. Error bars: SD. (H) Repair of DSBs induced by XM3 and  -rays proceeds with similar
kinetics. Bars represent the average number of H2AX foci in normal human fibroblasts fixed at the indicated time after irradiation using either XM3 (6
kV, 2.5 mA, 0.5 s) or 137Cs source (2 Gy) and fixed at the indicated time points. Data points: average from three independent experiments at ∼100 cells per
experiment. Error bars: SD. (I) Micro-aperture filters enable simultaneous microirradiation of large cell numbers. Top-left: scanning electron microscope
image of the surface of the circular micro-aperture filter (element #3 in the schematic representation (B)). Bottom: representative image of ARPE-19 cells
irradiated using the XM3 (6 kV, 5 mA, 10 s) equipped with the circular micro-aperture filter, fixed 20 min later and processed as in (F). Top-right: the
number of H2AX foci per microirradiated area predicted from (G) corresponds to the detected foci number. Data points: average from ∼180 cells. Scale
bars: 10 m.
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the culture dish. Positioning of the USX-ray source along
the optical axis of the microscope, directly below the lens,
allows simultaneous irradiation of a 2 mm-diameter area
and fluorescence imaging of irradiated cells.
Analysis of the USX-ray source emission spectrum
showed the expected principal carbon K-shell (CK) emis-
sion line at ∼280 eV, as well as the broadly distributed
bremsstrahlung radiation whose upper energy bound is de-
termined by the 6 kV accelerating voltage of the focussing
cage (Figure 1D). If needed, XM3 may be also operated at
lower (2–5 kV) accelerating voltage of the focussing cage
(Supplementary Figure S1A and B). The contribution of
bremsstrahlung photons (energies between 0.8 and 6 keV)
to the total photon flux is ∼2.6-fold larger than the contri-
bution of the principal carbon peak. XM3 produces only
trace amounts of VIS- and UV-range photons (Supplemen-
tary Figure S2A) which are likely emitted by the glowing
filament (electron source) and reflected off the walls of the
vacuum enclosure. Further, no UV-specific DNA photo-
lesions could be detected in USX-microirradiated cells as
revealed by immunostaining for cyclobutane pyrimidine
dimers and for nucleotide excision repair proteins XPA and
XPC (Supplementary Figure S2B-D). Additionally, no ac-
cumulation of CPD photolyase, XPA or XPC was detected
in microirradiated areas in living cells (Supplementary Fig-
ure S3).
To establish the rate of DSB induction during USX-
irradiation, we quantified the number of H2AX
foci––generally accepted DSB markers (29,30)––in
uniformly-irradiated, early-passage normal human skin fi-
broblasts (Figure 1F). The results showed that foci numbers
increase linearly with the USX-ray source emission current
up to ∼65 foci per cell (Figure 1F, G and Supplementary
Figure S1C), which is the maximal foci number that can be
reliably resolved using our imaging setup, due to the optical
merging of adjacent foci at higher doses. Since photon flux
is linearly proportional to the emission current (Figure
1E), the maximum dose-rate of the XM3 setup at emission
current of 40 mA is ∼1000 DSBs/cell/s, corresponding to
approximately 40 Gy/cell/s of 137Cs  -rays. Importantly,
the disappearance of USX-ray-induced H2AX foci pro-
ceeded with kinetics that was nearly identical to that after
exposure to 137Cs  -rays (Figure 1H), suggesting that the
rate of repair of DSBs induced by both radiation types is
similar.
Among the critical components of XM3 is the 10 m-
thick nickel mask with 2.5 m-diameter, hexagonally-
distributed micro-apertures (Figure 1I). When positioned
directly under the cell culture dish, this mask enables si-
multaneous microirradiation of subnuclear volumes of cells
in a ∼3 mm2 area of the cell culture dish (Figure 1I). Al-
ternatively, a slit-shaped micro-aperture filter can be em-
ployed, resulting in striped irradiation patterns (Supple-
mentary Figure S1D). To determine the number of DSBs
induced in the cylindrical volumes of the cell nuclei located
above the circular micro-apertures, we quantified the num-
bers of H2AX foci induced in cells microirradiated at low
USX-ray dose. We found that the rates of foci induction
duringmicroirradiation were comparable to rates measured
during uniform irradiation, after accounting for the mi-
croirradiated volume (Figure 1I). At the moderate source
emission current of 20 mA, routinely used throughout this
study, 2 s micro-irradiation thus produces, on average, ∼38
DSBs in each microirradiated area. These emissions and
exposure durations were sufficient for inducing measurable
accumulation ofmultipleDSB repair proteins (Figure 2 and
Supplementary Movie S1). Moreover, at emission current
settings of 40 mA we could also image accumulation of the
early-responding DSB repair proteins KU80 and DNA-PK
(Supplementary Movie S2 and S3), even though they were
not further analyzed in the current study. Combined, these
results establish XM3 as a flexible, high-dose-rate platform
for (micro)irradiation of mammalian cells using USX-rays
and fluorescence imaging of the ensuing cellular responses.
The sequence of protein accumulation at USX-
microirradiated sites does not reflect their known functions
in DSB signaling
Our previous meta-analysis showed that the sequence of
enzymatic events at DSB sites cannot be easily inferred
from the published data on the accumulation kinetics of
repair proteins after microirradiation (16). This is largely
due to the considerable discrepancies in the data gener-
ated by different groups, which can be at least partly at-
tributed to differences in experimental design, and espe-
cially to different microirradiation methods and sensitiz-
ers employed. To analyze the accumulation of DSB signal-
ing proteins under uniform experimental conditions and
in response to well-defined lesions, we generated a panel
of the non-cancerous, human, retinal pigmented epithelial
(ARPE-19) cell lines that stably express MRE11, MDC1,
RNF8, RNF168 and 53BP1 fused, via a flexible linker, to
Clover (a bright, monomeric and stable variant of the green
fluorescent protein) (31). We USX-microirradiated these
cells, imaged them for 30 min after irradiation (first 10 min
at 10 s intervals and subsequent 20 min at 60 s intervals,
Supplementary Movie S1) and analyzed the accumulation
kinetics by quantifying the changes in fluorescence intensity
in the irradiated areas (Figure 2A-C).
We anticipated that both the time of accumulation onset
and accumulation duration (the time elapsed between the
onset and maximal accumulation) of these proteins would
reflect their known function in DSB repair. However, we
found a similar time of accumulation onset for MRE11,
MDC1, RNF8 and RNF168 and a clear, ∼40–50 s delay
in the onset of 53BP1 accumulation (Figure 2B, C and Sup-
plementary Figure S4B). Further, we found that the ubiqui-
tin ligases RNF8 and RNF168 were first to reach––nearly
simultaneously––50% of their maximal accumulation (t50),
followed byMRE11,MDC1 and 53PB1 (Figure 2B and C).
This may be surprising because accumulation of RNF8 is
known to be conditional on binding of MDC1 to phospho-
rylated H2AX (32). Moreover, while MRE11 has been pro-
posed to be among the first proteins to recognize broken
DNA ends, its accumulation after USX-microirradiation
was relatively slow. Interestingly, in spite of the initial de-
lay, 53BP1 reached t50 within time that was comparable to
MRE11 andMDC1. In summary, even though ourmicroir-
radiation experiments have been performed using a well-
controlled system of DSB induction and under the same ex-
perimental conditions, the results present a picture of DSB
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Figure 2. The kinetics of accumulation of DSB signaling proteins in USX-microirradiated areas. (A) DSB signaling proteins accumulate in USX-
microirradiated areas. ARPE-19 cells stably expressing the indicated proteins fused to the GFP derivative Clover were microirradiated using XM3 (6
kV, 20 mA, 2 s, corresponding to an average of ∼38 DSBs per microirradiated area) and imaged at the indicated time intervals. The dashed lines mark the
borders of cell nuclei (white) and microirradiated areas (red). (B) Cells described in (A) and identically treated U2OS cells stably expressing the same panel
of proteins (see Supplementary Figure S4) were imaged for 10 min at 10 s intervals and then for 20 min at 60 s intervals. Next, images were stabilized to
eliminate the cell drift and fluorescence intensity at microirradiated areas was quantified. Graphs show relative increase of fluorescence intensity, repre-
senting accumulation of the indicated proteins, at USX-microirradiated areas, over time. Top: ARPE-19 cells, bottom: U2OS cells. Data points: average
normalized fluorescence intensity measured from at least 25 cells from at least three independent experiments. Shaded area: SEM. (C) The accumulation
kinetics of RNF8 at USX-microirradiated areas differs in ARPE-19 andU2OS cells. Top: comparison of the accumulation kinetics of individual proteins in
ARPE-19 and U2OS cells (data from (B)). Bottom: zoom in on the first 3 min of accumulation kinetics from the respective top panels. Data points: average
normalized fluorescence intensity measured from at least 25 (ARPE-19) or 30 (U2OS) cells. Shaded area: SEM. Solid lines: fit to data. (D) The graph
represents the time required for half-maximum accumulation (t50) of the indicated protein in the indicated cell line, calculated from the fits of data shown
in (C). The data were analysed using unpaired Student’s t-test. (E) DSB signaling proteins are characterized by varying accumulation speeds. Comparison
of accumulation speeds, expressed as half-maximum accumulation (t50), of all proteins analyzed in this study to previously published data on accumulation
of these proteins. Solid lines indicate individual datasets originating from previously published studies (black) or this report (blue and red, ARPE-19 and
U2OS, respectively). Solid green lines indicate the median t50 value for each protein. Error bars: SEM. * P = 0.011.
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signaling responses that is somewhat inconsistent with the
well-described molecular mechanisms that drive them.
The accumulation kinetics of RNF8, but not other signaling
proteins, differs in non-cancerous and cancer cells
WhileU2OS andHeLa cancer cell lines aremost commonly
used in microirradiation experiments (16), it is not known
whether protein accumulation kinetics differs in cancer and
normal human cells. To explore this question, we generated
a panel of U2OS cells that express the previously discussed
DSB signaling proteins and measured the kinetics of their
accumulation at USX-microirradiated sites (Figure 2D and
Supplementary Figure S4). We found that while the accu-
mulation of most proteins in ARPE-19 and U2OS cells was
similar, the accumulation of RNF8 differed significantly be-
tween the two cell lines, with t50 nearly two times longer
in U2OS cells (Figure 2C–E). Moreover, the dissolution of
RNF168 foci was clearly accelerated in ARPE-19, as com-
pared to U2OS cells (Figure 2C).
The accumulation kinetics of some of the signaling pro-
teins are considerably different at USX-ray and laser-induced
DNA damage and can be affected by the photosensitizer
Hoechst 33342
To compare the accumulation kinetics at X-ray and laser-
inducedDNAdamage, wemicroirradiated all ARPE-19 cell
lines using a commonly used 405 nm diode laser and ana-
lyzed the accumulation kinetics as described above (Figure
3A). We found that the accumulation kinetics varied sub-
stantially for MRE11 andMDC1, with t50 differing by over
4- and 2-fold, respectively, but was comparable for RNF8,
RNF168 and 53BP1 (Figure 3B and C).
Photosensitizers such as Hoechst 33342 are commonly
used in combination with laser microirradiation techniques
(16) to increase the amount of induced DNA damage (33).
However, the effects of Hoechst on the DSB repair re-
sponses are unknown. Analysis of the effects of Hoechst us-
ing laser microirradiation is challenging because the quan-
tities and qualities of DNA damage induced in the pres-
ence and absence of the photosensitizer can be consider-
ably different. However, this is not likely when Hoechst is
combined with X-ray microirradiation. We therefore USX-
microirradiated ARPE-19 cells in the presence of Hoechst
33342 and found that pre-incubation with the sensitizer did
not induce significant changes in accumulation kinetics of
the analyzed proteins. In contrast, Hoechst dramatically de-
creased (by over 10-fold) the accumulation t50 of RNF8
and, to a smaller degree (over 2-fold), increased the t50 of
MDC1 when cells were microirradiated using the UV laser
(Figure 3B and C).
The diffusion speed of DSB signaling proteins at USX-
microirradiated chromatin is generally reduced, as compared
to undamaged chromatin
In order to reach the damaged chromatin, repair proteins
must travel through the cell nucleus and their accumula-
tion may be dependent on, and/or limited by, their diffu-
sion speed. We therefore measured the confocal diffusion
coefficients (Dconfocal) of DSB signaling proteins in undam-
aged nuclei and at the USX-microirradiated sites (Figure
4A and B). DConfocal is calculated using a simplified equa-
tion which extracts the diffusion coefficients from confocal
FRAP data, using the half time of recovery and effective
bleach radius for a circular bleach region (27). We found
that Dconfocal of free proteins in undamaged nuclei was high
for MRE11, RNF8 and RNF168, as compared to 53BP1
and MDC1, but considerably lower relative to free Clover
(Figure 4C). We also measured Dconfocal at damage sites and
determined the fold change in diffusion coefficient relative
to undamaged nuclei, which was surprisingly low (∼0.5-
fold) and not statistically significant for MDC1 and higher
(∼3-5-fold) for the remaining proteins (Figure 4D and E).
DISCUSSION
Even though the kinetics of DSB damage responses has
been intensively studied for over two decades, primarily
using various laser and particle (micro)irradiation setups,
very little is known about the early behavior of repair pro-
teins in response to X-ray-induced DNA damage. This
is primarily because few existing facilities support experi-
ments that require X-ray (micro)irradiation and simultane-
ous live-cell fluorescence imaging (34,35). The XM3 setup
described here, a redesigned version of our previously pub-
lished instrument (28), is a flexible platform for such exper-
iments, with a number of important advantages. First, it
allows both micro- and uniform irradiation, with microir-
radiated areas and patterns defined by the reusable nickel
micro-aperture filters (Figure 1 and Supplementary Figure
S1). Second, it is capable of producing relatively high and
precisely tunable photon fluxes, and generating from low
numbers to over 1000 DSBs/cell/s––sufficient for observ-
ing early DSB repair events, such as accumulation of KU
and DNA-PK (Supplementary Movies S2 and S3). Third,
it can simultaneously irradiate hundreds of cells in an area
of ∼3 mm2 and multiple (currently up to nine, but poten-
tially over 20) successive areas with programmable delay,
which is compatible with medium-throughput imaging ex-
periments. XM3 does not require radiation protection mea-
sures or strong laser sources, has a relatively small footprint
of ∼3 m2, including the microscope hardware, and is de-
ployed in a regular research laboratory.
The USX-radiation produced by XM3 (∼0.28–6 kV) in-
duces DNA damage almost exclusively via production of
low-energy electrons (36), which also represent most of the
energy deposition by low linear energy transfer (low-LET)
radiations, including the high-energy (hard) photons. Re-
cent simulations suggest that the higher relative biological
effectiveness of USX-rays is a product of increased DSB
yield per dose unit (36,37). USX-rays thus do not likely in-
duce complex DSBs, in contrast to typical high-LET radia-
tions such as Bragg-peak protons or heavy ions. Indeed, our
results show a very similar kinetics of DSB repair, measured
indirectly by quantifying dissolution of H2AX foci, after
USX and hard photon irradiation (Figure 1H), suggesting
similar lesion complexity. USX-rays thus mimic some im-
portant features of clinically-relevant X-radiation; they are
also safe and can be easily collimated, which is essential for
microirradiation experiments.
D
ow
nloaded from
 https://academ
ic.oup.com
/nar/article-abstract/47/17/e100/5535704 by Erasm
us U
niversiteit R
otterdam
 user on 01 O
ctober 2019
PAGE 9 OF 12 Nucleic Acids Research, 2019, Vol. 47, No. 17 e100
A
B
C
Figure 3. Comparison of the kinetics of accumulation of DSB signaling proteins at USX- and UV-microirradiated areas, in the presence or absence of
Hoechst 33342. ARPE-19 cells (introduced in the legend to Figure 2), were microirradiated using XM3 or a 405 nm laser, in the presence or absence of the
photosensitizer Hoechst 33342. (A) Top: relative increase of fluorescence intensity, representing accumulation of the indicated proteins at microirradiated
areas, over time. Bottom: zoom in on the first 3 min of accumulation (data from the respective top panels). Data points: average normalized fluorescence
intensity measured from at least 20 cells (forMRE11) or 25 cells (for the remaining proteins). Error bars: SEM. (B andC) Time required for half-maximum
accumulation (t50) for the indicated protein/condition, calculated from the fits of data shown in (A), grouped by protein (B) or condition (C). **** P <
0.0001.
Multiple studies characterized accumulation of DSB
signaling proteins using various laser- and particle-
microirradiation approaches (16). Relative to themedian re-
ported in these studies, we found a considerably increased
t50 of MRE11 (∼4-fold) and MDC1 (∼3 fold) after USX-
microirradiation, while t50 of RNF8, RNF168 and 53BP1
were more similar to those reported by others (Figure 2E).
Interestingly, a similar pattern was observed in our own
comparison of USX- and UV-laser microirradiation with
or without Hoechst (Figure 3), suggesting that the kinet-
ics of accumulation of some repair proteins at microirradi-
ated sites may be less dependent on lesion complexity, den-
sity and/or load. The large difference in the accumulation
and disassembly of RNF8 at laser-microirradiated areas in
the presence of Hoechst suggests that this photosensitizer
may affect the kinetics of DSB repair responses by modu-
lating lesion load and/or complexity because this effect was
not recapitulated after USX-microirradiation. This result,
together with clearly altered kinetics of MRE11 after laser
and USX-microirradiation, confirm the earlier reports that
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Figure 4. Comparison of diffusion speed of DSB signaling proteins in undamaged cell nuclei and at USX-microirradiated areas. (A and B) The diffusion
speed of the DSB signaling proteins is reduced at DSB sites, as compared to intact nuclei. Non-irradiated or USX-microirradiated ARPE-19 cells (intro-
duced in the legend to Figure 2) were analyzed by fluorescence-recovery after photobleaching (FRAP). Graphs represent the change in average normalized
fluorescence intensity at the photobleached areas over time for each individual protein (A) or for all proteins grouped by condition (B). Data points: average
from at least 20 cells per condition. Shaded area: SEM. (C)Comparison of theoretical confocal diffusion coefficients of all analysed Clover-tagged proteins
estimated from the confocal diffusion coefficient of Clover and the molecular weight difference between pure Clover and respective tagged protein as a
monomer or in the form of the largest known complex (MRE11:MRN complex, MDC1: homodimer, RNF8: with UBC13, RNF168: with RAD6, 53BP1:
homodimer) as well as confocal diffusion coefficients measured in FRAP experiments in undamaged cell nuclei (calculated from the data shown in (B)).
Error bars: SEM. (D) Confocal diffusion coefficients of the indicated proteins measured at the non-irradiated and microirradiated areas, calculated from
the data shown in (B). Error bars: SEM. **** P < 0.0001. (E) Fold change of the diffusion coefficients at the microirradiated area, relative to intact nuclei
(calculated from the data shown in (D)). Error bars: SEM.
accumulation kinetics may strongly depend on the chosen
damage induction method (13–15) and that this effect may
be protein-specific, further complicating inter-study com-
parisons.
Another aspect that became apparent in our previous
meta-analysis (16) and has now been confirmed in direct
comparisons after X-microirradiation is that the accumula-
tion of RNF8 and RNF168 appears faster than accumula-
tion ofMRE11 andMDC1,which are known to precede the
former proteins in the well-studied signaling cascade trig-
gered by DSB induction. Intriguingly, some previous stud-
ies, including the recent comprehensive comparison of ac-
cumulation kinetics at laser-induced DNA lesions, found
than the accumulation of RNF168 was generally slower
than that of MDC1 (10,38). The relatively slow accumu-
lation of MRE11 could be explained by the bi-modal in-
teraction of this protein with the damaged chromatin: rel-
atively few MRE11 molecules likely first interact with bro-
ken DNA ends (39), which is followed by binding of more
molecules to phosphorylated histone H2AX (32). It is thus
possible that the low number of DSBs that we induce at X-
microirradiated areas does not allow visualizing the early
recruitment but rather the later binding to H2AX. This
effect may be reflected by the clearly increased MRE11 ac-
cumulation speed after laser-microirradiation which likely
induces larger quantity of DNA lesions, enabling visualiza-
tion of its early recruitment phase.
When comparing the kinetics of DSB signaling responses
in non-cancerous (ARPE-19) and cancer (U2OS) cells, we
found that the accumulation kinetics of most proteins were
nearly identical, but the accumulation and disassembly of
RNF8 foci in ARPE-19 cells was clearly accelerated (Fig-
ure 2). At present, we cannot exclude that these differences
are at least partly caused by different gene expression lev-
els (Supplementary Figure S5) or other differences between
these cells, including (epi)genetic makeup, tissue of origin,
gene expression patterns, proliferation rates, etc. Interest-
ingly, recent findings published by Suchankova et al. and
Bobkova et al. link specific genomic alterations or cellu-
lar background with altered accumulation of proteins in-
volved in DSB signalling (40,41). Suchankova et al. showed
that mutations in TP53 gene affect the status of 53BP1,
H2AX and MDC1 proteins after UV-A exposure. Their
results revealed that cells with different mutations in TP53
display distinct patterns of recruitment of 53BP1 protein to
UVA-damaged chromatin. Moreover, TP53 mutants were
found to exhibit irradiation-dependent down-regulation of
MDC1 (40). Additionally, Bobkova et al. found that the
accumulation kinetics of 53BP1 differed significantly be-
tween normal neonatal human dermal fibroblasts and U87
glioblastoma cells exposed to high-LET 15N-ion radiation
(41). In this context, it is likely that numerous genomic al-
terations present in the unstable genome of cancer (U2OS)
compared to the nearly-wild type genome of the non-
cancerous (ARPE-19) cells are at the roots of the distinct
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accumulation and disassembly kinetics of RNF8 reported
in our study.
The measured confocal diffusion speed of all analyzed
proteins in non-irradiated cells appeared to be much lower
than what could be predicted based on their size or on the
size of their known complexes (Figure 4C); this was espe-
cially striking for 53BP1 and MDC1. Confocal diffusion
speed of 53BP1 in non-irradiated cells was relatively low
but decreased further (by ∼3-fold) at microirradiated sites.
For MDC1, the difference in diffusion speed in intact nu-
clei and at and microirradiated areas was small and not sta-
tistically significant. These results suggest relatively strong
interactions of these proteins with chromatin or other nu-
clear structures in the absence of DNA damage. Although
publicly available databases such as The Research Collab-
oratory for Structural Bioinformatics Protein Data Bank
(42) or The Biological General Repository for Interaction
Datasets (43) suggest hundreds of potential interactors of
proteins analysed in this report, their interactions outside
of the DNA repair context remain largely unexplored. A
number of studies did show, however, that 53BP1 may in-
teract with p53, USP28, NuMA or nuclear lamins in the
absence of DNA damage (44–46). Moreover, 53BP1 inter-
actions with histone H4 methylated on lysine 20, and his-
tone H2A ubiquitylated on lysine 15, are believed to repre-
sent an additional binding interface for 53BP1, which may
be necessary for its stable chromatin association (47–49).
In the case of MDC1, its interactions with APC/C subunit
APC3 (Cdc27), Cdc20 and CHK2 are known to play a role
in cell cycle regulation (50–52). These data may, at least to
a degree, explain our observation that the diffusion speed
of 53BP1 and MDC1 is much lower than expected solely
on the basis of their molecular size, even in non-irradiated
cells.
In summary, XM3 is a robust platform for real-time anal-
ysis of cellular responses to X-ray (micro)irradiation that
can be used to study various aspects of DSB repair re-
sponses in live mammalian cells.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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